There are limited data on the role of neck ultrasound (US) in the surveillance of patients with follicular thyroid cancer (FTC). Here, we analyze the likelihood of US to find structural disease in patients with FTC and evaluate if initial American Thyroid Association (ATA) risk stratification and the response to therapy categories [the latter based on thyroglobulin (Tg) levels] modify that likelihood. We conducted a retrospective cohort study of 32 patients with FTC in our institution. We included all patients with well-differentiated FTC who underwent total thyroidectomy and radioactive iodine (RAI) treatment without neck structural disease at the time of RAI and with Tg and US at least 6 months after RAI. After a median follow-up of 4.3 years, two patients (6.3%) had structural disease by US. None of the 18 patients with initial ATA low-risk disease had structural disease by US in contrast to higher, but not significant, frequency of 18.2% (2/11) in patients with initial ATA high-risk disease (p = 0.14). Based on Tg levels, 24/32 patients had excellent response to therapy and 8/32 had biochemical incomplete/indeterminate response. None of the patients with excellent response had structural disease by US versus 2/8 (25%) patients with biochemical incomplete/ indeterminate response all of whom had other sites of structural disease (p = 0.054). Our findings suggest that neck US in FTC is unlikely to find structural disease with initial low-risk ATA or excellent response to therapy but can detect structural disease in some patients with initial ATA high-risk or incomplete/indeterminate responses to therapy.
Introduction
Follicular thyroid carcinoma (FTC) is the second most common thyroid malignancy after papillary thyroid carcinoma (PTC) with a rate estimated at 5-15% of all thyroid cancer specimens [1, 2] . There has been a reported decrease in the overall incidence of FTC in the past decades in the USA, which has been attributed to changes in histological diagnoses over time (detection of the follicular variant of PTC, exclusion of atypical follicular adenoma) and institution of iodine supplementation programs [3] .
While both PTC and FTC are classified as subtypes of differentiated thyroid cancer, the two subtypes have biological differences. At the molecular level, there are differences in the somatic driver genetic alterations found in each of these two different types of DTC. In PTC, tumor-driving genetic alterations can be identified in more than 80% of tumors, including point mutations or rearrangement of the genes encoding BRAF (35-70% of PTCs), RAS (10%), TRK (< 5%), ALK (< 5%), and RET/PTC rearrangements (20%) [4] . In FTC on the other hand, only~50% of tumors have identifiable driver alterations, most frequently mutations in the RAS family genes or PAX8-PPARγ, loss of PTEN expression, or mutations in the genes encoding phosphatidyl (OH) 3 kinase (PI3K) subunits [4] .
In terms of the clinical behavior, PTC commonly metastasizes to locoregional lymph nodes, and when aggressive, the tumors often invade into extrathyroidal tissues and blood vessels [1, 5] . In contrast, lymph node involvement in FTC is uncommon at 0-10% at different studies [2, 3, 6, 7] and it more typically metastasizes to distant organs such as the lungs or bone (10-15% at the time of presentation) [2, 3] . Compared to PTC, lung metastases in FTC are twice more common, and bone metastases are 10 times more common on a per case basis [5, 8] . Brain metastases are less common overall in both histological types of tumors, but are more frequent in FTC [5] .
The overall 5-and 10-year survival rates in patients with FTC are lower than those with PTC: 91 and 85% for patients with FTC versus 97 and 93% for patients with PTC [4] . Bone and brain metastases are particularly associated with poor outcomes [5] . In addition, the extent of tumor invasion [1-3, 5, 6, 8, 9] , the degree of vascular invasion [6, 8, 9] , and the presence of identifiable distant metastases [2, 6, 8, 9] at presentation are poor prognostic factors in FTC. Absence of RAI uptake has also been identified as a poor prognostic factor for FTC [7, 8] . These data have led to the categorization of FTCs as minimally invasive FTC (MI-FTC), when there is limited capsular and/or vascular invasion and widely invasive FTC (WI-FTC), when there is wide infiltration of adjacent thyroid tissue and/or blood vessels. WI-FTC corresponds to 9-39% of patients with FTC [6] . A more recent classification by the World Health Organization (WHO) in 2017 further classified these tumors into minimally invasive FTC where there is no vascular invasion, encapsulated angioinvasive FTC where there is minimal vascular invasion and widely invasive FTC where there is more significant vascular invasion [10] . Generally speaking, the less invasive FTC carries a much better prognosis compared to widely invasive FTC. The 2015 American Thyroid Association (ATA) guidelines consider absence of vascular invasion or presence of a minimal invasion of < 4 vessels as low-risk disease and presence of vascular invasion of at least 4 vessels as high-risk disease [11] .
The overall management of both FTC and PTC includes primary surgery, with selective use of 131I [3] . Lymph node dissection in patients with FTC is usually performed only in unusual cases when there is suspicion for node involvement on preoperative imaging [3, 9] . RAI use in both PTC and FTC is individualized and primarily focused on patients with greatest risk of having residual or recurrent disease. In either case, once initial treatment is completed, surveillance ensues using primarily thyroglobulin and neck ultrasound or other cross-sectional imaging as indicated based on the sites of initial disease detection.
Neck ultrasound (US) is a sensitive method for detecting disease in patients with PTC in which nodal metastases are common; however, its role in FTC seems less certain and the published data are limited and to the best of our knowledge, only one study by Baek et al. [12] was specifically designed to investigate the role of neck ultrasound in monitoring patients with FTC [13] [14] [15] [16] . Because of the paucity of data, guidelines do not clearly specify the optimal imaging modalities for monitoring patients with FTC and therefore there is not clear guidance to clinicians regarding surveillance of patients with FTC as compared to PTC. The primary aim of the study is to begin to address this knowledge gap to better inform clinical care by evaluating the likelihood of detection of structural disease by neck ultrasound in patients with FTC. The secondary aims are to determine if the likelihood of detection of structural disease by neck US differs based on either initial risk stratification or response to therapy categories according to on ATA classification to enable personalized approaches.
Patients and Methods

Patients and Data Collection
This is a retrospective cohort study conducted at The Ohio State University (OSU) Wexner Medical Center and the Ohio State Comprehensive Cancer Center. The study was approved by the Ohio State University Institutional Review Board. Patients were identified through a query of the Ohio State University Endocrine Neoplasia Repository. This repository was approved on 8/5/2006; enrollment is offered to all thyroid cancer patients seen subsequently in the OSU thyroid cancer clinic. All patients enrolled in ENR who had total thyroidectomy and RAI therapy prior to 12/31/2014 were eligible for the study. Data analysis was completed on 10/19/2016. We included all patients with well-differentiated FTC who underwent total thyroidectomy and RAI without evidence of structural disease in the neck at the time of RAI (however, we accepted patients, n = 1, who had distant structural disease at the time of RAI). All patients had a post-treatment whole body scan after their post-thyroidectomy RAI. Preparation was either with recombinant TSH or thyroid hormone withdrawal. All patients were placed on a low iodine diet for 2 weeks. The median I-131 dose was 101 mCi (range 29-692). All patients had a thyroglobulin (Tg) measurement and an ultrasound at least 6 months after RAI. Patients were excluded if they had Hurthle cell thyroid carcinoma (HCTC) given reported unique characteristics that are different from FTC [17] , anaplastic or poorly differentiated thyroid cancer, if they underwent lobectomy instead of total thyroidectomy, or if they did not receive RAI.
Neck Ultrasound
Neck US was performed by thyroid cancer specialty endocrinologists at our institution except that early in their follow-up, six of these patients also had additional US evaluations performed by technician and supervised by attending radiologists either at our institution, or at other institutions. When performed at our institution, neck US was initially performed using a GE Logiq 200 Alpha with a 7. 
Laboratory Values
Over the course of the time of patient care since initiation of the repository, several different Tg (Tg IMA) and Tg antibody (anti-TgAb) assays were utilized. Prior to 2006, various assays for Tg and Tg antibodies were utilized as previously described [18] . After 2006, Tg was measured using the following assays and for the following time periods: (1) ) with a functional sensitivity of 1.8 IU/mL. For the statistical analysis, a detectable level, as defined with the cutpoints above for each assay, was considered to be a positive result that was utilized. In some cases, it was not possible to ascertain the precise assay used for some of the measurements (n = 6), as these measurements were performed at outside labs.
Clinical Follow-Up
The patients were usually seen every 3-12 months, and Tg was usually measured at the same intervals, at the clinician's discretion. For each patient, the data collection ended on 10/ 19/2016. For patients with no evidence of structural disease at any point during their follow-up, we used their Tg level at the final follow-up to classify them as Tg excellent response versus Tg indeterminate/incomplete response according to the ATA guidelines [11] while for patients with evidence of structural disease at some point during their follow-up, we used the Tg level at the time of disease detection for that classification. For patients (n = 1) with evidence of structural disease at diagnosis, the first Tg level at the 6 months post-initial treatment was utilized.
Statistical Analysis
Patient demographics were summarized by frequency and percent for categorical variables and median with interquartile range (IQR) and range for continuous variables. Characteristics of patients with structural disease are reported at the individual patient level. Ultrasound results (positive or negative for structural disease) were cross-tabulated by the initial ATA pathology risk (low, high, unknown) and then by 
Results
Patient Characteristics
Thirty-two patients met the inclusion criteria and had at least one sonographic evaluation. Most patients were female (68.8%), with a median age at diagnosis of 46 years. The average tumor size was 3.6 cm and was unifocal in 28/32 patients. The characterization of low-risk versus high-risk FTC was based either on the extent of vascular or extrathyroidal extension, when available, or on the report by the pathologist when the extent of vascular or extrathyroidal extension was not available in the record. Fifty percent of patients did not have pathologically confirmed lymph node disease around the time of thyroidectomy and 50% did not have any lymph node dissection at the time of surgery. At the time of diagnosis, distant metastases were identified in 1/ 32 (3.1%) patients. According to the American Thyroid Association (ATA) clinical practice guidelines [11] , 56.3% of the patients were considered low risk and 34.4% of the patients were considered high risk (Table 1) .
Ultrasound Results
Thirty-two patients had at least one neck US evaluation 6 months after the RAI or later. Overall, each patient underwent 1-8 ultrasound evaluations during the period of the clinical follow-up (median follow-up of 4.3 years). Other imaging modalities were performed at the discretion of the treating physician. Ultrasound was positive in 2/32 patients (both pathology proven) (6.3%), both with distant metastases. There were two additional patients without structural disease in neck who had distant metastatic disease (total number of patients with structural disease: 4, described in Table 2 ). In none of the two patients with neck structural disease was neck ultrasound the only study to identify the structural disease in the neck: the first had soft tissue nodules versus lymph nodes initially seen by CT and then by US, and this finding led to neck debulking surgery and the second patient had a large paratracheal mass initially identified by US, and, as a result, underwent surgical removal of the mass. There were three patients with indeterminate findings on the neck ultrasound: two of them had undetectable Tg, and long-term US follow-up was consistent with residual benign thyroid tissue and the 3rd patient had positive Tg Abs that remained stable, with surgical excision of the indeterminate lesion showing benign fibroadipose tissue. Neck US was negative in all patients considered to be in excellent response state based on Tg level. It was positive in 2/8 (25%) patients with Tg level in the biochemical indeterminate response to therapy state.
There were four patients who had Tg/anti-Tg Abs values within the biochemical incomplete/indeterminate response range who did not have identifiable structural disease. The characteristics of these four patients and the imaging modalities utilized are described in Table 3 .
Likelihood of Finding Structural Disease in Neck by US According to Initial ATA Risk Stratification and Response to Therapy:
None of the patients with initial ATA low-risk disease had structural disease in neck or at distant locations in contrast to 36.3% (4/11) (p = 0.01) of patients with initial ATA high-risk disease. In evaluating neck US in detecting structural disease, 18.2% (2/11) of the patients with ATA high-risk disease had structural disease (Fig. 1 , p = 0.14 compared to ATA low-risk). Overall, based on the 2015 ATA clinical practice guideline criteria regarding Tg levels, 24 patients had excellent response to therapy, and 8 patients had biochemical incomplete or indeterminate response to therapy. None of the patients with Tg unstimulated thyroglobulin, US ultrasound, (+) = positive, (−) = negative, N neck, M mediastinum, L lung, Bo bone excellent response to therapy based on the Tg value (Tg < 0.2 ng/mL or stimulated Tg < 1.0 ng/mL) had evidence of disease (neck or distant location) versus 4/8 (50%) of patients with indeterminate/incomplete response (p = 0.002). In evaluating neck US in detecting structural disease, 2/8 (25%) patients in the indeterminate/incomplete categories had structural disease in neck detected by US (Fig. 2 , p = 0.057 compared to Tg excellent response category).
Discussion
There is limited information guiding the clinician regarding the appropriate imaging tests that should be used in their longitudinal clinical evaluation of FTC due to its low prevalence. While the ATA thyroid cancer guidelines have recommendations regarding the clinical follow-up of differentiated thyroid cancers, the vast majority of the data supporting these recommendations are derived from studies of patients with PTC [11] . Because of the differences between PTC and FTC, especially regarding the typical location of metastases, the utility of neck sonographic in patients with FTC is uncertain. Thus, we specifically aimed in this study to evaluate the likelihood that neck US would detect structural disease in patients with FTC. We studied the records of 32 patients with FTC who underwent total thyroidectomy and radioactive iodine treatment without evidence of structural disease in neck at time of RAI. The overall neck disease prevalence in this population of patients with FTC was 6.3%. We identified that none of the ATA low-risk patients had structural disease, as compared to 18.2% (2/11) of the ATA high-risk patients (p = 0.14) and also none of the patients with Tg excellent response had structural disease, whereas 25% (2/8) patients with Tg biochemical/ incomplete response had evidence of structural disease (p = 0.057). While the comparison between these groups was not statistically significant, this is probably related to low prevalence of structural disease in the neck and therefore need to have a higher number of patients. When comparing all structural disease however (neck or distant), there was a statistically significant higher likelihood of finding structural disease (neck and distant) in patients with initial ATA high risk compared to low risk and in Tg biochemical/indeterminate response to therapy compared to excellent response to therapy. While finding structural disease in neck in patients with proven distant metastases does not change the staging of thyroid cancer patients, it can be useful in identifying neck disease that can lead to increased morbidity related to locoregional Various studies reviewed lymph node involvement and local recurrence in patients with FTC. Lymph node involvement at the time of surgery was reported in 2-10%, in patients with both MI-FTC and WI-FTC [19] [20] [21] [22] [23] [24] . On the other hand, studies assessing the local recurrence in FTC are limited and report a more variable rate of 1-30% [9, 19, [25] [26] [27] . Therefore, overall, the expectation for local recurrence in the cervical lymph nodes or soft tissues is low, which affects the value of diagnostic US in these patients. Similar to our study, Baek et al. [12] retrospectively reviewed sonographic follow-up in patients with FTC and identified a 3.2% local recurrence rate at 37.5 ± 18.5 months after surgery. In our study, the rate of local recurrence detected by neck US was 2/32 (6.3%). The higher rate in our study is potentially due to a higher rate of patients with T3 and T4 tumors indicating a more aggressive disease. This is further supported by the frequent finding of more extensive disease using cross-sectional imaging in conjunction with ultrasound.
There are some limitations to our study. The sample size was small. In addition, this is a retrospective study and it was at the clinical discretion of the endocrinologist to order the imaging including neck US and standardization of choice of each imaging modality, number of re-evaluations using the same imaging modality, and intervals between the Tg measurements was not possible. Furthermore, our data represent a single center, which is a referral center for thyroid cancer, and a referral bias is likely. Another consideration is that our patients live in a region that is considered iodine sufficient, and the prevalence of FTC is known to increase in iodine-deficient areas [2, 3] . Finally, a possible limitation is the broad range of the years of diagnosis of FTC in our study . As the ultrasound imaging technology advanced, there may have been differences in the ability of detection of structural disease among patients diagnosed with FTC in the different time periods of this range.
In conclusion, our findings suggest that neck ultrasound in FTC as in PTC is unlikely to find structural disease in patients with low-risk initial ATA stratification and excellent response to initial treatment determined by Tg level. It also suggests that in patients with biochemical incomplete/indeterminate disease, neck US, even if positive, is not sufficient for identifying all structural disease in patients with FTC as distant metastases may be present but still may have utility for disease detection. Taken together, the data suggest that the use of neck ultrasound in patients with FTC should be limited to individuals with incomplete or indeterminate responses to initial therapy and performed in conjunction with other imaging modalities to assess for distant metastases. Future studies with larger number of patients are needed to confirm these findings.
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